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NATIONALAERONAUTICSANDSPACEADMINISTRATION

TECKNICALNOTED-II70

INVESTIGATIONOFTHEPERFORMANCEOFA 78o

FLAT-PLATEHZLICALINDUCER

By Richard F. Soltis, Douglas A. Anderson,
and Donald M. Sandercock

SUMMARY

The coupling of a cavitating inducer with a p_np, in order to real-
ize the advantages of higher mechanical speeds_has found wide use in
missile applications. An effective and quite easily fabricated blade
shape employed in the inducer has been the flat-plate helix. This re-
port presents the measuredperformance of an inducer of this type. The
rotor_ S inches in diameter_ consisted of three blades with a hub-tip
ratio of 0.5 and a helix angle of 78° at the tip. All tests were made
in water.

Performance results over a range of flows are presented at both
cavitating and noncavitating conditions. This includes both the overall
performance and radial distributions of flow conditions and selected
blade-element performance parameters. In addition, photographs that
visually describe flow conditions at various modesof operation are pre-
sented. A comparison of the measuredaxial velocity distributions with
those computedassuming simple radial equilibrium ]provides a check on
the validity of the radial equilibrium assumption.

INTRODUCTION

The constant challenge to obtain minimumsize and weight of the
turbopump for missile application has resulted in continued compromises
in pumpdesign. Since the pumpweight is strongly dependent on rotative
speed_ increased operating speeds are suggested. Unfortunately_ the
freedom in the selection of pumpspeeds is limited by the deleterious
effects of cavitation both on pumpperformance and in causing mechanical
damageto the pump.



A conventional parameter used to relate rotative speed and suction
head requirements is the suction specific speed, defined as

 QI/2

SV

(i)

All symbols are defined in appendix A. Reference i notes how improve-
ment in the suction characteristics of a pt_p is reflected in decreased

weight of the complete powerplant.

A more promising method of increasing the suction characteristics

of the pump is the cavitating inducer located upstream of the main pump.

The function of this inducer is to operate with some cavitation and to

add sufficient head to the fluid to recompress the vapor and prevent the

occurrence of cavitation in the main pump. With the trend toward higher

suction speed pumps, the cavitating inducer has found wide use. Al-

though many design geometries exist, inducers are generally helical in

shape, employ high solidity, and have a small number of blades and a

high blade angle (used herein as the angle between the blade meanline

and the axial direction). References i and £ discuss the function of

the inducer and show, in a qualitative sense, the general flow patterns

that may be expected in an inducer in various stages of cavitation. In

both cases_ the inducers were operated in cold water.

This report presents the performance of a flat-plate helical in-

ducer (constant lead) with a blade angle of 78 ° at the tip. The data

presented include overall performance and radial distributions of flow

conditions and selected blade-element performance parameters for both

cavitating and noncavitating conditions. Shown also is an investiga-

bion of the validity of the simple radial equilibrium expression,

_or- gr
(2)

under the various modes of operation.

To date, inducer investigations have been primarily concerned with

the overall performance supplemented by photographs and visual observa-

tions during cavitation. The investigations cover a range of blade ge-

ometry (solidity, helix angle, hub-tip radius ratio, etc.) as well as a

range of flow conditions (net positive suction head, flow coefficient,

etc.). The radial distributions of flow conditions_ as presented in

this report, provide a further step toward the understanding of the flow

through an inducer. This type of information is necessary in the pre-
diction of radial distribution of velocity diagrams and head rise that

a succeedin_ rotor must accept.
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J_?PARATUS AND PROCEDURE

Test Rotor

The rotor used for tae investigation repor ed herein is the si_.plest

type of cavitating induces to construct. The blade shape is a helical

surface with a tip blade angle of 78 °. The rotor tip diameter was 4.956

inches, and the hub dis_neter was 2.478 inches. Both hub and tip diam-

eters were maintained constant through the indu_:er. The rotor had three

blades with a linear varimtion of blade thickne:_s from 0.i0 inch at the

tip to O.19 inch at the h_. Tip solidity was i .856. Significant geo-
metric features of this rotor are listed in table I.

The rotor was machined from the 400-series stainless steel. Both

the leading and trailing edges were sharpened to a wedge shape symmet-

rical about the blade centerline. A photograph of the rotor is shown in

figure i.

Test Facility

This investigation was conducted in the Lewis Water Tunnel, a

ciosed-loop-p_r_p _est facility. (This is the s:_e system described in

ref. 3, but with a different test section, driw_ motor, and gearbox.)

Figure 2(a) presents a schematic dis_r_t o:f the test setup, while fig-

ure 2(b) is an actual photograph of the facility7; a detailed description

is contained in reference 3. The filter was ca}able of removing parti-

cles of 5 microns or larger. The air content o_ the water was measured

by means of a blood gas analyzer.

The test rotor was _owered by a 5000-horsepower variable-frequency

motor through a suitable gear box. The upper half of the casing enclos-

ing the test section was made of a transparent _lastic suitable for ob-

se_/ing and photographin_i cavitation phenomena throughout the rotor.

Figure 5 is a photograph of the test section showing the rotor mounted

in place, transparent ca_ing_ probe actuators, and pressure transducers.

Instr_nent at ion

The detailed rotor l erformance was obtained from radial surveys of

the flow conditions appr(,ximately i inch upstream of the inducer leading

edge and i inch downsL_res_ of the indtcer trailing edge, as shown in

figure _. At both rs_lia_ locations_ total and staL_c pressu±'es and flow

angles were measured at _even programed radial positions. The _o_,al-

pressure claw (measures total pressure and angle) and the static-pressure

wedge probes are showr, i_ figure 5. Direction-sensing elements automat-

ically sAined the probes with the local flow d]rection. Zero angles of
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both total and static probes and calibration of the static-pressure
probes were determined in an air tunnel. All pressures were measured
with transducers and were recorded_ along with angle measurements_on
paper tape through an automatic digital potentiometer.

The temperature of the water in the test loop was measuredwith a
thermocouple. The flow rate was obtained from pressure measurements
across a Venturi flowmeter. Pumpspeedwas measuredby meansof an
electronic tachometer used in conjunction with a magnetic pickup on the
rotor shaft.

Differential pressures were measuredwherever possible to allow
smaller range pressure transducers to be used. Hence_measurementac-
curacy was increased_ as all transducers had a maximumerror of 0.5 per-
cent of full scale_ and a compoundingof errors in the calculations was
avoided. The estimated maximummeasurementerrors were:

Inlet total pressure_ PI_ ib/sq in ................ ±0.25
Inlet dynamic velocity head_PI - PI_ Ib/sq in ........ ±0.075
Headrise across inducer_ g_P_Ib/sq in .............. ±1.75
Outlet dynamic velocity head_P2 - P2_ ib/sq in ......... ±0.25
Angle_ deg ........................... ±0.50
Rotor speed_ rpm ...................... ±20
Venturi flow_ percent ....................... ±i.0

Procedure

All operations of the inducer were conducted with a constant water
temperature of 80° F and an air content less than 3 parts per million by
weight. At each data point_ the inlet pressure, the flow rate_ and the
rotor speedwere held constant while data were taken at the seven radial
positions from hub to tip. Onecomplete point (all seven radial posi-
tions) took about i0 minutes of running time on the digital unit. Data
were taken in groups of constant inlet pressure and shaft speed_while
the flow rate was varied from the open throttle condition to a point
where excessive rig vibrations were encountered. (As the inlet pressure
could not be set below atmospheric_ the rotor speedwas increased to ob-
tain higher suction speed conditions at the rotor inlet.)

To supplement the measuredperformance results_ photographs of the
flow across the inlet portion of the blades were taken, particularly of
bhe flow in a cavitating environment. Photographs were recorded on 16-
millimeter film with a synchronized cameraand light source at a frame
rate of approximately 24 frames per second. The light source was trig-
gered by a magnetic pickup on the rotor shaft_ and the duration of flash
wasbetween i and 2 microseconds.
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Calculations

The equations used to calculate the inducer overall performance, as

well as the performance across selected blade el_ments, are presented in

appendix B.

Some measure of the reliability of the data may be obtained from

figures 6(a) and (b), which compare the integrated weight flows at the

inducer inlet and outlet measuring stations, respectively, with the flow

measured by the Venturi meter. At the rotor inl_t the integrated flows

compare quite favorably w_ th the measured Venturi flows, with a ma_imum

error of 6 percent and wilh the majority of comparisons within 3 percent.

At the exit measuring stal ion, the comparisons are not as favorable,

with a maximum differe_,ce of 1"7 percent but the majority within i0

percent.

Some factors that probably contribute in so_e degree to the diffi-

culLy of obtaining accRral;e integrated flows at the inducer outlet

include :

(i) Increased source_ of disturbance (compered with noncavitating

flow) to the fluid origin_ting from the cavitating portions of the blade.

This cause is partially b_rne out by the res_ts shown in figure 6(b),

which indicate that, i_ g_neral_ as Hsv is lo_ered (intensity of cavi-

tation increased), the differences between the integrated and measured

flows increase.

(2) Tacit assumption that a single-point m_asurement at a given

radius represents an average value of any cmrc_uJ_erenumal variation at

that radius.

(3) Cavit_ation occurring on probes at low inleb pressures. Cavita-

tion in the flow around ti_e probes at the inlet measuring station has

been obse_¢ed. Although bhe probes at the exit measuring station could

not be seen, at test points where the head rise across the inducer is

relatively small, the _ossibility of cavitation on the probes still

exists.

(%) Measurements at Low flows indicating tile existence of reverse

flow regions near the hub at the rotor exit. iuconsistencies in the

calculated performance parameters involving sta:ic-pressmre measurements

in, and near, these regions have been observed.

Blade-Element Parameters

9he presentation and analysis of data foll)w a blade-element ap-

_0roach_ that is_ a belief that the blade-row ov_±_all performance can be
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described by a summing-upof the performance occurring across individual
blade elements along the radius. The first requirement is the defini-
tion of a blade element. A general definition for a blade element is
that it lies along a surface of revolution generated by a streamline;
the definition is usually simplified by assuming the streamline to occur
across the blade in a straight line. Furthermore, to alleviate compli-
cations in the data-taking and computing procedures, this definition of
a blade element is assumedto apply under all operating conditions. For
simplicity, then, a blade element as used herein is assumedto lie along
a cylindrical surface. It is recognized_ however, that, as mass-flow
shifts occur across the blade row, the assumedblade elements will devi-
ate increased amounts from streamline flow. The following brief discus-
sion of the selected blade-element performance parameters and their in-
terdependency may aid in interpreting the curves and analysis to be pre-
sented.

The performance parameter of primary interest is the head rise co-
efficient _ across the inducer. The inducer must provide sufficient
pressure rise so that the succeeding main pumpor pumpstages can per-
form in a cavitation-free environment. Of secondary importance, in most
cases, is the efficiency at which the inducer head rise is produced.

The head rise and efficiency depend on the energy added to the
fluid by the rotor (ideal head rise coefficient) _i and the losses in-
curred in %heprocess. The loss across a blade element is reported as
a relative total-pressure loss coefficient _, as defined by equation
(BS). The ideal head rise (eq. (B2)) for the condition of no inlet
whirl is computedfrom the outlet velocity diagrams. The outlet tan-
gential velocity used in the calculation of ideal head rise is, in
turn_ affected by the amountof turning done by the blade and the
axial velocity. The fluid turning is studied by meansof deviation
angle, which is related to the fluid turning for a helical blade
through the equation

AS' = i - s (s)

Axial velocity distribution must satisfy both continuity and the radial

equilibrium requirements. Both deviation angle and axial velocity dis-

tributions are influenced_ in turn, by the magnitude and distribution
of loss.

Accordingly, the flow and element performance parameters selected

for presentation include:

(I) Head rise coefficient,

(2) Efficiency, _I
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(5) Relative _otal-}_ressure loss coefficient,

(d) Ideal head rise coefficient, _i

(5) Deviation an_le_

(6) Outlet flow coefficient, _2

(7) Inlet flow coef_icient, 71

(8) Static-press_re rise coefficient, _

When the measured r_dial distributions of these parameters are

examined, the relative s_nsitivity of perfo_na];_ce to changes i_ these

parameters at the variou:_ radial locations should be kept in mind. For

instance_ typical velocity diagrams for this r(4_or show that the effect

of the same change in _ial velocity or deviat_ on angle on ideal head

rise is approximately i0 times as great at the tip element as at the
hub element.

The complete outiet velocity diagram may be reproduced from _he

flow coefficient_ deviatLon angle_ and blade s!_eed by using the follow-

ing relations:

where, for a flat-piabe i_elical inducer_

tan y = r tan Yt (5)
rt

If it is desired to compare _he measured _rends with predicted

theoretical variations_ reference d may be uti_ized. Reference 4 pre-

sen_0s the effects of varying certain geometry _eatures (helix angle,

hub-tip ratio, hub and tip taper, etc.) and flow parsm_eters (loss coef-

ficient, deviation angle, flo_¢ coefficient, et_.) on the radial distribu-

tions of head rise_ axisl velocity, and effici-ncy for the flat-plate

helical inducer.

RESULTS _ND DISCUSSI01{

In order to facilitate the presentation, 8he noncavi_ating and

cavitating performance _s presented and discussed in separate sections.

Since the details of the data are presented by the figures_ the discus-

sion points out only th_ important trends.



As mentioned earlier, to aid in visualizing the flow, photographs
of the flow over the inlet portion of the blades were taken at various
modesof operation. These and somevisual observations madeduring the
tests are presented first.

Visual Studies

A typical performance curve such as shownin figure 7, where flow
coefficient (hence_ inlet flow conditions) is maintained constant while
Hsv (or k) is systematically reduced, is a commonmethod of presenting
cavitation performance. Operation is generally initiated at somehigh
inlet pressure where the blade operates in a cavitation-free environ-
ment. Inlet pressure is then reduced until first visible signs of vapor-
ization occur. Further decreases in inlet pressure result in increased
amounts of vapor formed. Thus, cavitation development is divided into
several distinct stages. These include (in order of appearance as the
Ksv is reduced): (I) cavitation inception, (2) unsteady cavitation,
and (3) cavitation breakdown.

"Cavitation inception" as applied to visual observations implies
the first appearance of cavitation. (As applied to measuredperformance
results, cavitation inception usually refers to the initial dropoff in
performance due to cavitation.) The first cavitation is usually observed
in the blade-tip region and may occur at relatively high values of Hsv.
This is cavitation occurring in the core of the tip vortex resui_ing
from the blade-tip clearance flows (see ref. S). Depending on the oper-
ating condition, the cavitation extends various distances aheadof the
blade. The photographs in figure 8 are examples of the blade-tip vortex
cavitation (at relatively high Hsv values) showing the cavitating vor-
tex moving increasing distances into the inlet passage as flow coeffi-
cient is decreased (blade loading increased). (Figure 7 gives location
of photos on performance curve.) Small amounts of blade surface cavita-
tion are also occurring on these photos as a sheet with streamers at-
tached to the leading edge. Reference 6, however_ indicates that, in
general, _he head generated by the rotor does not suffer until this cav-
i4a_ion region extends to the leading edges of adjacent blades.

Figure 9 gives an example of the "unsteady cavitation" region,
which occurs at a l_er Hsv than the "cavitation inception" region.
For these film strips, the blade speed and camera fr_ing rate combine
such that each successive picture in a sequence showsthe sameblade of
the three-bladed rotor in the sameposition either six or seven revolu-
tions la_er.

The sequenceof photographs taken at this operating condition char-
acteristically showsa blade passage containing large ealounts of cavita-
tion in one picture and 6he ssmepassage relatively free of cavitation
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in a succeeding picture. Although the relative amount of cavitation oc-

curring in a blade passs_ze is most easily distinguished by the occurrence

or absence of the tip vostex cavitation, the blade surface cavitation

follows a similar pattern] that is_ if the tip vortex grows_ the surface

cavitation grows; if the tip vortex declines_ <he surface cavitation

also declines. When projected on a screen_ it cannot be distinguished

whether the cavitation zones are moving from one blade passage to the

next (rotating cavitation) or are moving back _md forth in the same

passage in a pulsating motion. It was also observed during operation in

this flow regime that the axial clearance space (see fig. 4) between the

rotor and stationary inlet hub fairing fluctuates. _his could be an in-

dication of a rapid variation (or redistribution) of blade forces, and,

consequently_ head produced by the inducer. These fluctuations in axial

clearance space were not observed at other opecating conditions_ either

cavitating or noncavitating.

As the inlet pressure (net positive suction head) is further re-

duced from the "unsteady cavitation" region, the "cavitation breakdown

region_" where each red_Tction in Hsv results in a significant drop in

head rise produced by the inducer_ is reached. Cavitation is steady and

appears in all passages_ as depicted in figure i0. In all other photo-

graphs that fall in, or close to, this region both the tip vortex and

blade cavitation extend increasing distances along the blade passage as

Hsv is successively lowered. Blade cavitation at all conditions was

characterized by a sheet or streamers (or both) starting at the leading

edge and lying along the blade suction surface. It should be noted that

the inducer head rise shown in figure 7 is obtained from a single probe

located very close to tile middle of the annulus both upstream and down-

stream of the rotor (r == 1.865 in.).

I_oncavitating Performa_c e

Overall _erformance. - Figure ii presents the overall performance

of the inducer in terms of head coefficient _ flow coefficient _, and

efficiency _. The head flow characteristic _ine is composed of data

obtained at net positive suction head values of 114 and 85 feet. The

performance curve shows the usual inverse relation between flow and head

rise generally associated with the axial-flow type of pump. Head coeffi-

cient and efficiency wece obtained by mass-aw_raging measurements gath-

ered from radial su_¢eys.

Over the range of flow investigated_ the overall efficiency remained

in a range of 0.80 to 0.82 except at the high flow (@ > 0.15), where some

slight dropoff is evidenced.

Figure 12 compares the overall noncavita_ing performance obtained

from the in_iucer reported herein with the res_ts of a flat-plate inducer
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with the samehelix angle reported in reference 2. The table in this
figure presents a comparison of significant geometry fea4ures and oper-
ating speed of the two rotors. Principal differences in the two inves-
tigations are the size of the rotors and the methods of measuring pump
head rise. The head rise of reference 2 was obtained from a single
measurementtaken at midpassage and_ as noted in reference 2, is prob-
ably conservative. The pumphead rise reported for this investigation
represents a mass-averaged value as obtained from radial surveys. For
comparison_ the head rise measuredat the meanpassage station for this
investigation is included. At the lower flow_ _he differences in meas-
uring techniques appear to account for the differences noted in the two
investigations; however, at the high flow_ other factors are necessary
to explain _he differences.

A check of all the radial distributions of measuredhead coeffi-
cient presented herein was madeto de_ermine at what radius the element
head coefficient equaled the mass-averagedvalue. Interestingly enough_
at all operating conditions, the radius at which @r equaled _r was
approximately 2.20 inches. This value represents approximately 88 per-
cenl;,of the rotor tip radius or 24..Zpercent of the passage height from
_he tip inward.

A s_milar impasse exists in a coraparison of efficiencies. The maxi-
mu_ ei_ficiency reported in reference _ (0.73 at _ = 0.12) was S to !0
poJni_slower _hanthe best efficiency observed in this investigation.
In calculating efficiency_ a knowledge of the input power to the rotor
is required (eq. (BS)). The different techniques for obtaining this
_,a]ue _sed in the two i_vestigations further complicate a comparison
of inducer performance.

Inlet conditions. - Figure 13 presents the radial distributions of

incidence aL_gle, flow angle, flow coefficient, and inlet total head for

three flow coefficients encompassing the range of noncavitating operation.

in the inlet region it is assumed in the calculation of velocity diagrsI_s

that there is no inlet whirl (VQ, ! = O). This, in effect, credits all

changes in flow to the rotor. The validity of this assumption can be as-

sessed from angle measurements which indicated that the absolute inlet

flow angle was small (_o) for most cases. For an axial velocity of 30

feet per second, a 3° inlet flow angle wouuld affect the incidence angle

by approximately 0.07 ° at the tip and O.ZC ° at the hub and the magnitude

of axial velocity b_ less than i percent. Exceptions to this limit were

uo%ed in the tip region for the minim_-f!ow test points for each of the

(Hsv)N characteristic curves. These operating points are also charac-

terized by a decrease of axial velocity in the tip region. The two

para_neters show a qualitative re_ ation in that the inlet flow angle in-

creases as the a:,:ial velocity decreases. For the low-flow coefficient

!
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point presented i_ figure !_ inlet flow angles of approximately i0 ° were

observed in the tip region. At all other radial positions the flow an-

_les were within the establLshed limit.

At the high and midm_u]e flow coefficients_ 11_e slight decrease in

axial velocity from hub i_o tip is probably that r<_quired by the curva-

ture of the hub i_let fairi_g. The only change in the level of velocity

which reflects the lower flow; that is; the sas.e ])rofile exists_ but at

a lower level. At these operating points the ir_l_._l_total head is essen-

tially constant across the ?assage with no evidence of hub or tip wall

(casing) boundary-layer effects. Other test poin;s at similar inlet

conditions did indicate ver]< slight decreases in ;otal pressure at the

radial measaring position located at r = 2.42 inches (approx. S percent

of the passage height from the tip)_ but no dropo_f was noted in the h<fo

region. In all cases the wall boundary layers at the inlet are evidently

very small and should ha,¢e little influence on th,_ blade performance.

At the lowest flow aoefficient_ significant r_edistributions of flow

have taken place. Both _xial velocity and total ]_ead display sharp de-

creases from the mean to the tip regions with the possibility of a

reverse-flow region occurring in the tip region. At l_v flow coeffi-

cients_ reference 2 also noted a reversal of the inlet flow in the tip

region by visual observation of _ufts mounted on the outer casing.

References 7 and 8 indicate that the influence of the rotor vanes

on the meridioral flow fin front of the vane system is such that decreased

meridional velocities and _he possibility of reversed flow occur in the

tip region. Another source of disturbance to the inlet flow may be re-

lated to the strong _ip clearance flows observed 3t the leading edge for

this mode of operation. Photographs taken at low flow operation (high

blade loading) show cavibaLion in the tip vortex extending into the in-

let flow passage (see fig. S(b)). Blockage effects of this disturbance

could cause a redistribution of inle_ mass flow similar to the observed

distribution. And, finall_ the influence of secondary flows on the

iN£et flow distribution is relatively unknown. It has been estimated

(seminar notes at Pennsjlv_nia State Univ._ s_umer of 19S9) that the

quantity of radial boundary-layer flows in an ind_;cer is significantly

(one or two orders of magmftude) larger than that experienced in ss:ial-

flow compressor rotors. I_' this estimate is correct, some information

on this type of flow ma,/ b,.:necessary before the true inducer flow

patterns can be understood.

Outlet flow condit:ion::_. - Ficure 14 shows th£ radial distributions

of blade outlet flow co_di:ions and selected blade-element pars_ueters

for the high-flow_ midflow, and low-flow range_z.

At all flow coefficie_ts a gradient of head rise from hub to tip

is noted_ a distribution t:._pical for the fia_-pl_te helical inducer.



As the modeof operation changed toward lower flow coefficients_ both
the level of head rise and bhe gradient from hub to tip are increased.
The latter trend is indicated analybically in reference _ in the rela-
tive effeob of a change of axial velocity on the ideal head rise at the
various radial locations.

For the case of no inlet whirl (Ve,I = O) the ideal head rise coef-
ficient at any given radial location is dependent on the outlet relative
flow angle and the outlet flow coefficient, as noted by the equation

Ut2 - q02 tan _2
(6)

In the discussion of the data, the effects of these two parameters on

p_mp performance are generally considered together, since it is diffi-

cL_i_ bo find examples to demonstrate individual effects.

In this report the relative outlet flow angle is discussed in terms

of deviation angle_ which is related to the blade-outlet angle and outlet

relative flow angle by equation (B7). From equation (BT) it can be seen

that deviation angle serves as a measure of the departure of the flow

from that associated with perfect guidance by the blades. The assumption

of perfect guidance of the flow is one often used in theoretical calcula-

tions of inducer performance. Of special interest are the negative val-

ues of deviation angle noted both for the noncavitating (fig. 14) and

cavitating operation (fig. i_). A study of the flow conditions at which

negative deviation angles are calculated points out that they occur only

during operation when the radial distributions of axial velocity at the

blade inlet and outlet measuring stations indicate that sizable mass-flow

shifts are occurring across the inducer. A calculation was made to de-

termine whether the streamline curvature between the blade trailing edge

and the outlet measuring station (located approximately i in. downstream

of the rotor trailing edge) could account for the negative values. In

brief_ the calculation attempted to construct the velocity diagrams oc-

c_rring at the blade trailing edge from those computed by measurements

obtained at the exit measuring station. The procedure used and the re-

sults obtained are presented in appendix C.

Based on the results of appendix C, it appears probable that the

negative deviation angles are a result of the location of the discharge

measuring station rather than some flow phenomena. It is also noted that

negative deviation angles are not computed at the higher flow coeffi-

cients where Lhe mass-flow shifts are not indicated. Of course_ the

higher flow conditions also represent different loading distributions on
the blades.

I
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At the low flows the static head gradient requirements become so

large that the axial velocity goes to zero in the vicinity of the hub.

This trend has been pointed out in the analytical studies reported in

reference 4, which also graphically shows the effect of losses on the

axial velocity distribution. Observation of tufts mounted on the hub

downstream of the inducer in reference 2 show noticeable backflows occur-

ing at low flow coefficients with the compensating radial outflows. Ref-

erence 2 indicates that the flow on the hub appears to separate about

halfway through the impeller.

At all flow coefficients, the radial distributions of loss in fig-

ure 14 appear similar in trend, with a sharp increase from the mean

to the tip and smaller (if any) increases from the mean to the hub.

Only in the tip region does any consistent trend of loss with inlet flow

coefficient (incidence angle) appear, As the inlet flow coefficient is

decreased (increasing incidence angle and blade loading), the loss coef-

ficient increases. A chec_ on the efficiency values in this region

shows that, even though the losses increased, the increase in energy ad-

dition occurred at an even faster rate with resul_ing increases in ef-

ficiency. This example points up the fact that efficiency is a function

of both loss and energy addition.

In general, the radi_ efficiency distribution is the inverse of

the loss variation. The sharp increase in loss coefficient measured in

the inducer tip region under all operating conditions is interpreted as

an indication that seconda_ flow losses, including the radial transport

of low-energy blade boundary-layer fluid into the tip region in an in-

ducer rather than a profile-type loss, probably determine the radial

distribution for this type of rotor.

Cavitation Performance

Overall performance. - The overall cavitation performance is pre-

sented in figure 15. For comparative purposes_ the noncavitating data

are also included. The data are shown as mass-averaged values of head

rise coefficient @ and efficiency D expressed as functions of flow

coefficient _ at constant values of (Hsv) N. Although the cavitating

performance data were obtained at various rotor speeds as indicated by

the table in this figure, all Hsv values shown have been normalized

by the tip speed to an equAvalent value for 9000-rpm operation. In all

cases the performance clurves were terminated when severe rig vibrations

were encountered. It is recognized that a locus of such terminal points

might then represent a "st_ll" limiting curve for this inducer. However_

at this time no attempt is made to identify any limiting conditions:

first, because the data indicate that the rotor speed affects the loca-

tion of the terminal points; and, secondly, since the dynamics of the

system must affect the st_[l point, consequently any stall line defined
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here would be peculiar to this particular system only. For these rea-
sons no generalizations are attempted herein.

Evidence of a speed effect on the cavitating performance is indi-
cated by comparing the performance at N = 9000 rpm and (Hsv)N = 33.8
feet with that at N = 10,500 rpm and (Hsv)N = 32.3 feet (recall that

both (Hsv)N values are normalized to a speed of 9000 rpm). The per-
formance at (Hsv)N = 38.3 feet is slightly improved over that obtained
at a higher net positive suction head ((Hsv) N = 33.8 ft) at all modes
of operation and shows an increased range of operation. Note also that
the efficiency is higher at all flow coefficients for the curve at
(Hsv)N = 32.3 feet. Since both the speed and (Hsv) N were changed, the

relative effects of the changes in the two variables could not be eval-

uated at this time. However, it serves to demonstrate scale effects

in regard to a change in speed. It may further be speculated that, if

operation at (Hsv) N values less than 32.3 feet could have been con-

ducted at a speed of 9000 rpm, a larger falloff in performance would

have resulted than was experienced at the higher rotative speeds.

A more general method of presenting cavitation data is in terms of

the cavitation number k, defined as

k= hl- hv

vi2/2g
(v)

which is equivalent to (assuming V@, I = 0)

!

c_
(D
03

vk - - (7a)

U 2 + qD2 + qo2

Equations (7) and (7a) represent local values of cavitation number as

would be applied to any blade element. When referring to an overall

blade cavitation number, a form of equation (7a) using blade-tip speed

U t and an average flow coefficient 91 , obtained from the measured flow

and inlet geometric area, is used. This cavitation number is designated

as k.

Figure 16 shows the dropoff of head rise coefficient with cavitation

number while flow coefficient is kept constant. The curves of this fig-

ure were obtained by interpolating the data of figure 15. Even though
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the symbols in figure 16 represent interpolated values of the curves of
figure IS_ for most cases tley are very close to actual test points.
For orientation of the delta with respect to suction specific speed; con-
stant values of this par_ameterare also shown. The cavitating perform-
ance data lie in a suction _;pecific speed range of 20,000 to 26,000.

The data obtained i_ this investigation do not clearly define the
cavi%ation inception point t_hich_ when interpreting performance results_
is usually defined as the p(_in%where the head rise drops off from the
noncs:_itating value by i or 2 percent. Consequently_ someliberty may
have %eentaken in drawihg _,hecurves in this gen£ral area.

The K values at which cavitation breakdown occurs are reasonably
well defined. (Cavitation l,reakdown is defined as the point where a
further drop in Ksv; or ],_ results in a large drop in head rise.) Fig-
ure 18 indicates that this occurs at a K value on the order of 0.03S_
which is comparablewith su(:tion specific speeds of approximately 23,000.
These values comparefavor_)ly with those obtained in reference 2. This
region would be the probabl(,_ operating region for a high-suction speed
inducer whenused in conjun(:tion with a centrifug_l impeller or a number
of high-pressure axial-flow pumpstages in either a chemical or nuclear
rocket application. The us_Laldesign stipulation of an allowable de-
crease of i or 2 percent in overall pumphead risc! from the noncavitat-
ing value usually results i_ the inducer operating at a considerably
lower percentage of its own head rise level.

Figure 17 presents a composite of the results of figure 16. In
this figure_ the head rise L_oefficient expressed _s a ratio of the non-
cavitating value is plotted against the cavitatio_ number -k. The sym_-
bols represent actual test _)oints presented in fi[ure IS.

Radial distributions. - In order to examine blade operation under

varying degrees of cavitation, figures 18(a) to (g) present radial dis-

tribucions of selected flow and blade-element performance parameters

for a constant flow coefficient and varying value_ _ of (Hay) N. Since

this comparison requires ac ;ual test-point data_ overall performance

levels of the points utiliz_d are listed in order that they may be iden-

tified with the overall res_its of figure IS. Th_ average inlet flow

coefficients are approxima%_ly the same. The interrelations between the

various flow and element performance parameters hc:_e already been dis-

cussed; hence_ this section is primarily concerneQ with the effects of

varying degrees of cavitation on the radial distributions.

Am exa_aination of the _ata for consistency oi' the flow and perform-

ance parameters under cavit:_ting conditions indic&I;ed the following:

(i) Head rise coeffic:b_nts and flow angles showed consistent trends

at all operating conditions. This wo,o_Id indicate satisfactory total-

pressure and angle measurements.
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(2) At certain low Hsv (or k) operation and in the hub region
where no-flow or backflow regions occur (as indicated by zero axial ve-
locities), large variations and certain inconsistencies in the radial
distributions of flow and performance parameters are indicated. Causes
for _hesediscrepancies probably lie in the occurrence of cavitation on
the wedge-type static probe itself and in the difficulty of obtaining
good static-pressure measurementsin the eddy-type flows occurring in
this separated region on the hub. These factors must be weighed in any
interpretation of the data.

At a given flow coefficient, the radial distribution of head coef-
ficient under varying degrees of cavitating conditions has the same
shape as that measured for the noncavitating modeof operation, but the
magnitude varies with Hsv (degree of cavitation). As the flow coeffi-
cient is decreased and the head rise gradient increases, the absolute
change in head coefficient varies from hub to tip. However, the per-
centage decrease remains roughly the samealong the radius.

The energy input distributions showresults similar to the head
coefficient variations. As the (Hsv)N is decreased, the radial varia-
Lion of _i is similar to the noncavitating values, but at a lower
magnitude.

In general, as cavitation increases, the deviation angle increases -
this is in the direction of decreasing the turning angle and, for a
given axial velocity_ the outlet tangential velocity.

The general trend of loss coefficient is to increase as (Hsv)N de-
creases (degree of cavitation increases)_ especially from the meanto
tip radius_ although the scatter of the data tends to obscure this ob-
servation.

The effect of cavitation on the axial velocity distributions is to
decrease the steep gradients obtained under noncavitating conditions.
As the radial equilibrium requirements becomeless severe, the axial
velocity gradients are, in turn, also relaxed. Intermingled with the
preceding are the effects of any mass-flow redistributions that take
place because of physical blockage of the flow by cavitation.

It is notable also that, as the blade-exit axial velocity gradi-
ents flatten out, the steep gradients of axial velocity measuredat the
blade inlet also disappear. This would indicate that the low inlet
axial velocity in the tip region is primarily a result of the action
of the vanes on the inlet meridional flows.

Oneadditional blade-element parameter, a static-pressure head rise
coefficient _s, is presented with the cavitation performance. This is
shown, since it is the additional static-pressure head that is neededto
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suppress cavitation in succeeding rotor rows. The static head rise dis-
tributions generally follow the radial variations of total head rise,
while the ratio of static head rise to total head rise falls roughly in
the range of 0.65 to 0.75 in the tip region and 0.85 to 0.95 in the hub
region.

cO
_O
_O

!

Radial Equilibrium

The solution of the equations governing the fluid flow to obtain

the velocity diagrams at any particular station requires an expression

for the radial pressure gradient (radial component of equation of mo-

tion). The form generally used in pump design is

(2)
 =g-7

which equates the radial static head gradient to the whirling motion of

the fluid and neglects any effect due to radial motion of the fluid.

Figure 19 presents a comparison of the distributions of measured axial

velocities with those computed using the measured values of total pres-

sure and angle in equation (2). The points shown cover a range of oper-

ating conditions for both cavitating and noncavitating flow, The good

correlation between the computed and measured axial velocities indicates

that equation (2) may be applied to the flow behind this type of inducer

under all operating conditions. Reference 9 discusses the use of vari-

ous forms of the radial equilibrium equation in detail.

Cavitation Damage

As a point of interest, photographs showing a closeup view (fig.

20) and the location (fig. 21) of cavitation damage noted on the blade

surfaces at the conclusion of the tests are presented. For the type of

test procedure utilized herein, involving radial surveys of the flow

annulus, the inducer is required to operate in a cavitating condition

for relatively long periods of time. During these tests, no attempt was

made to monitor the cavitation damage with respect to time or intensity

of cavitation encountered. Tests made after data-taking was concluded

showed that cavitation damage had no measurable effect on performance.

Figure 21 shows the location of cavitation damage on the suction
surface of the blade. A similar zone was located on the pressure sur-

face at the outlet of each blade passage (immediately downstream of

trailing edge of the adjacent blade) and at a radius of approximately 2
1

inches. The principal dsmage area extended about l_ inches along the

blade and varied from 0.1 to 0.2 inch in width.
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REMARKS

Recently, increased interest in the study of cavities in cascades
of flat plates has been indicated. Theoretical solutions involving free
streamline theory and linearized cascade theory have been attempted.
Reference i0 outlines a numberof methods used and also correlates the
results calculated from the essentially two-dimensional theory with
measurementsobtained in the three-dimensional atmosphere of the flat-
plate inducer. Although the results showpromise_ significant devia-
tions between the theoretical and test results have been noted. The
additional effects of operating in a three-dimensional environment (ra-
dial varying blade angles, th_ee-dimensional flows, losses, etc.) require
further investigation. Data such as obtained in this investigation
are necessary to assess the magniLudeof this type of effects.

!

O_
Co

SUMMARY OF RESULTS

The performance of a three-blade 5-inch-diameter flat-plate helical

inducer with a helix angle of 78° (angle between a tangent to the blade

and the axial direction) at the blade tip was investigated. The data

presented include performance results obtained from radial surveys of

flow conditions at the rotor inlet and outlet as well as photographs of

the flow across the rotor at various operating conditions.

Visual studies of the flow indicated:

i. Some cavitation on the blade surface and in the tip vortex (re-

sulting from blade tip clearance flows) exists before any dropoff in
measured head rise is observed.

2. As the inlet flow coefficient is decreased, the tip vortex

stands out increasing distances into the inlet flow region. This exten-

sion of the tip vortex is suggested as a possible source of disturbance
to the inlet flow.

3. In the region where the initial dropoff of head rise due to

cavitation is measured, an unsteady type of cavitation was photographed.

However, what these instabilities represented in terms of quantitative
measurements of variations in flow or head rise could not be determined

with the present instrumentation.

The noncavitating performance showed:

i. A nearly linear relation between the overall head rise coeffi-

cient _ and overall flow coefficient _ with a maximum _ of 0.179

obtained at the minimum _ of 0.Ii.
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2. A maximumefficiency of approximately 0.82 and an efficiency of
0.80 or greater over about 75 percent of the range covered.

S. At lowest flow_ the ra&ial distribution of inlet flow coeffi-
cient displayed a sharp decrease from the meanto bhe tip regions_ which
indicated the probable existence of reverse-flow regions in this operat-
ing regime. Inlet total head showsa similar radial distribution. Some
sources of disturbance to t_e inlet flow are indicated but could not be
evaluated at this time.

%. A radial gradient of head rise coefficient at all flows with the
highest values at the blade tip. The gradient increased as the flow
decreased.

S. A very sharp increase in loss coefficient from. the meanto the
tip region that was typical for all operating conditions. It is prob-
able that losses associated with secondal_ flows (in particular, the
radial transport of rotor blade boundary layer) assumea position of
importance for this inducer type blade.

6. As flow is decreased_ the radial equilibrium requirements at the
blade outlet changeuntil a_ someoperating condition zero axial veloc-
ities (reverse flows) are measuredin the hub regicn.

The effects of cavitation as indicated by the cavitation perfom_-
ance results were:

i. Cavitation breakdownoccurs at a K value of approximately
0.05S (suction specific speed_ 23,000) for this rotor configurstion.

Z. The measuredperformance at (Hsv)N = 3S.8 and 32.3 feet and
N = 9000 and 10_SO0rpm, respectively, indicates _hat the cavitating
performance of this rotor is affected by blade speed.

3. The decrease in heaQrise coefficient _ as (Hsv)N is lowered
occurs at all radii and by approximately the samepercentage. This ad-
verse effect on head rise coefficient results from a general decrease
in ideal head rise coefficient ¢i and increase in loss coefficient
as the degree of cavitation increases.

The close correlation tetween measuredradial distributions of axial
velocity and those computedassuming simple radial equilibrium demon-
strafes the validity of the latter assumption under all flow conditions
investigated.

Lewis Research Center
National Aeronautics a_d Soace Adm_q_+_
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APPENDIX A

SYMBOLS

acceleration due to gravity, 32.17 ft/sec 2

total head, ft

net positive suction head, Hsv = H1 - hv

static head, ft

vapor pressure, ft

incidence angle, deg

cavitation number, k -

rotative speed, rpm

totsul pressure, Ib/sq in.

static pressure, ib/sq in.

flow rate, gal/min

radius, ft

suction specific speed, S = N_Q,

(Hsv)3/4

rotor speed_ ft/sec

fluid velocity, ft/sec

fluid angle, angle between fluid velocity and axial direction, deg

blade angle, angle between tangent to blade mean camber line and

axial direction, deg

deviation angle, deg

!
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_0
[0
_D

!

efficiency

flow coefficient

head coefficient

relative total-pressL_re loss coefficient

Subscripts:

h hub

i ideal

m measured

N normalized

s relates to static pressure

t tip

z axial direction

tangential directiorJ

i measuring station at rotor inlet

2 measuring station at rotor exit

Superscripts:

indicates an average value

' relative to rotor
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APPENDIXB

EQUATIONS

Blade-Element Calculations

Net positive suction head:

Hsv = HI - bv

Ideal head rise:

(B1)
bJ
I

H
Oq
0%
09

U2V e - UIV 8
£_{i - _2 _I

g

= _ (assuming Ve, I = O)
g

Head rise coefficient:

SH
4=

u_/g

Ideal head rise coefficient:

(B5)

AH i

_i=ut_/g

Flow coefficient :

Relative total-pressure loss coefficient:

(B4)

m !

vi_/2g

AH i - AH
(B5)
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_a

Incidence angle:

Deviation angle:

Efficiency:

Cavitation number :

!

i = _i - YI

£kH
T1 -

AH±

(s6)

(BT)

(BS)

k- hi - hv (Bg)

Overall. Performance CalcoJLat_ ons

Average flow coefficient:

U_
(BIO)

Average inlet axial veloc [ty:

- %

Mass-averaged inlet total head:

rt Vz_irl dr I

rh

(st1)

(BI2)
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Mass-averaged outlet total head:

H2 --
_rh rt Vz,2r2H2 dr 2

_h _t Vz,2r 2 dr2

Mass-averaged head rise coefficient:

= Ut2

Mass-averaged efficiency:

m

_h rt Vz32r2_ dr 2

_h rt Vz32r 2 dr2

Hsv normalized to N = 9000 rpm:

o(HSV)N Hsv

(BIS)

(BI4)

(BIS)

(B!6)

!

Oh
CO
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APPENDIX C
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EFFECT OF MASS-FLOW REDISTRIBUTIONS OF DEVIATION ANGLE

For simplicity, the calculation of deviation angle, defined as

assumes that the flow across the blade row under all flow conditions

occurs along cylindrical surfaces; that is_ the velocity diagram com-

puted at the measuring station occurs at the same radius at the blade

trailing edge. For investigations where the blade exit measurements

are taken relatively close to the rotor trailing edge or the recorded

mass-flow shifts are small, this assumption does not affect the calcula-

tion significantly. Since both of these conditions were violated during

certain modes of operation reported herein, an effort was made to trans-

fer the velocity diagrams computed at the measuring station (located

approximately i in. downstream of the rotor trailing edge) to the point

where the streamline leaw._s the blade trailing edge. The problem which

arises is that, although the intersection of the streamline and measur-

ing station (equal percentage of weight flow carried from tip to stream-

line radius) could be computed, the streamline curvature through the

blade remains unknown. Accordingly, the follow_' ng procedure was used:

(i) Several radii (less than the outlet measuring station radius)

are selected at which the streamline is assumed to leave the blade trail-

ing edge.

(S) Axial and absolute tangential velocities occurring at the blade

trailing-edge station are computed from

-rm s
Vz,te - rE - rt2e Vz'ms

r
ms

Vo,te = rt---_ Vo,ms

where ms and te signify values at the instr_nnent measuring station

and blade trailing edge, respectively.

(3) Velocity diagrams and deviation angles are computed with blade

speed and blade angle at each assumed radial location rte.



Calculations based on this procedure and applied to the measure-
ments taken at r = 2.565 showedthat, if the streamline is assumedto
leave the blade trailing edge at a radius of from 0.050 to 0.070 inch
less than the measuring station radius, positive deviation angles were
computed.
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TABLE I. - BL_)E GEOMETRY OF 78 ° HELICAL INDUCER

cO

!

Rotor tip diameter_ in.

Rotor hub diameter_ in.

Hub-tip ratio

Radial tip clearance_ in.

Tip clearance ratio

Number of blades

Chord length at tip_ in.

Chord length ab hub_ in.

Solidity at tip

Solidity at hub

Blade thickness a_ tip_ in.

Blade thickness at hub_ in.

,t .956 }2.4:78

0.5

0.030

0.0242

3

9.620

5.120

1.856

1.973

0.10 }0.19

Constant

Ti_ clearance
Blade height

Linear variation
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Figure i. - 78 ° Helical inducer.
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(a) Schematic diagram.

figure 2. - Test facility.
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(a) Total-pressure claw.

C-55452

Figure 5. - Probes.
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(b) Static-pressure wedge.

Figure 5. - Conclude&- Probes.
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a) qo = 0.1477.

(b) _ : o.i162. C-58105

Figure 8. - Tip vortex cavitation illustrated at high Hsv.
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(a) _ = 0.1477. (b) _ = 0.1162.

Figure 9. - Sequense showing unsteady type of cavitation.
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Figure i0. - Steady-type cavitation in "breakdown

region." q0 = 0.1162-
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